A flower-like NiO-SnO 2 nanocomposite (NSNF) with electrochemical activity was synthesized by a solvothermal method. The morphology and composition of the NSNF have been characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM) and X-ray diffraction (XRD). The synthesized NSNF was immobilized onto the surface of an indium tin oxide (ITO) electrode and exhibited highly non-enzymatic catalysis towards the oxidation of glucose. The effect of NaOH concentration on the oxidation performance of glucose was investigated. Under the optimum conditions, the catalytic current showed a linear relationship with the increase of glucose concentration in the range of 0.01-26 mM, with a detection limit of 1 mM. The excellent sensing performance can be attributed to the unique porous architecture of NSNF, which enhanced the electron transfer during the electrochemical sensing of glucose. The glucose sensor also had a high selectivity for glucose detection, which could effectively resist the interference from ascorbic acid (AA), uric acid (UA), citric acid (CA), hydrogen peroxide (H 2 O 2 ) and even other carbohydrates, such as fructose, sucrose and maltose. Finally, the glucose sensor was also used for glucose detection in real human serum samples and the results were satisfactory.
Introduction
Glucose is an important compound in human life processes and the analysis and testing of glucose are of great importance in a variety of elds, including biotechnology, clinical diagnosis and food industry, etc.
1,2 Although various potential approaches such as acoustic, uorescence, optical, electronic and transdermal technologies have been explored for glucose detection, electrochemical glucose biosensors have attracted much attention due to their high sensitivity, low detection limit and low cost. [3] [4] [5] [6] Generally, electrochemical sensors for glucose determination are classied into enzymatic and non-enzymatic types. Conventional electrochemical glucose sensors are normally fabricated based on the use of glucose oxidase (GOD), which has showed high selectivity and sensitivity for glucose. [7] [8] [9] However, enzymatic biosensors oen exhibit instability and unsatisfactory reproducibility due to the inuence from the surrounding conditions such as temperature and pH. 10, 11 Therefore, non-enzymatic glucose sensors are highly desirable based on the direct oxidation of glucose on the electrode surface without using the fragile enzymes.
During the past few years, nanomaterials have been widely used in the fabrication of electrochemical sensors due to their good conductivity and catalytic activity. Meanwhile, noble metal materials like Au 12 and Pt 13, 14 have been explored as the electrode modications towards the oxidation of glucose. However, these novel metals are so expensive that various metal oxides such as WO 3 , Co 3 O 4 and NiO are emerged as the economical substitutes. 15, 16 Among all, NiO is highly suitable for the fabrication of non-enzymatic glucose sensors, owing to the excellent catalytic activity, low toxicity and abundant sources. 17, 18 Razium Ali Soomro et al. prepared an enzyme-free glucose sensor using novel hedgehog-like NiO nanostructures.
19 R. Prasad et al. also applied nickel-oxide multiwall carbon-nanotube/reduced graphene oxide a ternary composite for enzymefree glucose sensing.
20
In addition, porous nanomaterials are promising candidates for electrode modications, since they can provide a large active surface for mass transport and electron transfer. 21 Lu et al. prepared a nanoporous Ag catalyst by a dealloying process; 22 another nanostructured porous Ag electrode was also reported by Wang et al., which had been applied in the electrochemical reduction of CO 2 .
23 Herein, we demonstrate a novel electrochemical non-enzymatic glucose sensor based on porous NiOSnO 2 nanocomposite.
In this work, a ower-like NiO-SnO 2 nanostructure (NSNF) was synthesized using a template-free hydrothermal method, and followed by a calcination process. 24 In order to study the non-enzymatic electrocatalysis of NSNF towards glucose, the sensor performances including the sensitivity, selectivity, stability, linear response range and limit of detection (LOD) were systematically investigated. This newly built glucose sensor has also been used for the determination of glucose in human serum samples.
Experimental

Chemicals
Nickel chloride hexahydrate (NiCl 2 $6H 2 O), tin(II) chloride dihydrate (SnCl 2 $2H 2 O), thiourea (NH 2 CSNH 2 , TU), ethylene glycol, ethanol, sodium hydroxide (NaOH), uric acid (UA), ascorbic acid (AA), hydrogen peroxide (H 2 O 2 ) and citric acid (CA), the human serum samples were provided by Jiangsu Center for Clinical Laboratory (JSCCL). Peruorosulfonic acid (Naon, 5 wt%) was purchased from DuPont, and diluted to 0.5 wt% for use. The experimental water was double distilled water. All reagents were of analytical grade and used as received without further purication.
Apparatus
The morphology of NSNF was observed by transmission electron microscopy (TEM, JEOL JEM-200CX), scanning electron microscopy (FESEM, Hitachi S4800) and a powder X-ray diffraction (XRD, Rigaku Smartlab). Cyclic voltammograms (CVs) were performed with a CHI 660D analyzer (Shanghai Chenhua Instrument Co., China). All experiments were conducted using a three-electrode electrochemical system with a modied ITO working electrode (F ¼ 3 mm), a saturated calomel reference electrode (SCE) and a platinum slice counter electrode.
The working electrode was prepared by dropping 10 mL of 1 mg mL À1 NSNF dispersion in 0.5 wt% of Naon onto a precleaned ITO electrode and then let it dried in air at room temperature. The detection of glucose was carried out in 0.1 M of NaOH, and the current response of the sensor was the subtraction of total current and the background (Di ¼ i p À i 0 ). 
Synthesis of NSNF
Results and discussion
Structure and morphology
The SEM image of NSNF was shown in Fig. 1A , which was a ower-like structure with the average size of 2.2 mm. Observed from the many small particles and slices scattering around, it was supposed that NSNF structure was actually formed by assembling many small particles. EDS analysis (Fig. 1B) showed that the elemental molar ratio of Ni, Sn and O in NSNF was 19.52 : 11.42 : 59.82. This suggested that most of the Ni and Sn were oxidized in the annealing process, and most of the sulfur atoms had been removed. Furthermore, during the calcination process, NiO and SnO 2 crystals would nucleate, grow and aggregate to form NSNF under a moderate calcination temperature (in this case, 650 C) without further chemical leaching or gas reduction. In addition, these structures were sufficiently stable that they could not be broken into discrete nanosheets, even aer ultrasonication for a long time. Fig. 1C was the TEM image of NSNF, and it could be seen that NSNF had many pores, which greatly increased the specic surface area. The crystal phases of SnO 2 (curve a), NiO (curve c) and NSNF (curve b) were characterized by XRD, and the data was shown in Fig. 1D . 25 With regard to the curve b, in the NSNF, there existed simultaneously the 110, 101 and 211 crystal planes from tetragonal SnO 2 , and the 200, 111 and 220 crystal planes from cubic NiO. In terms of the diffraction peak intensity, the NSNF crystal structure was mainly attributed to SnO 2 . Thus, we calculated the average grain size of NSNF with 101 plane by Scherer formula:
24 D ¼ 0.9 l/b cos q, where l is the wavelength of the X-ray beam, b is the full width at half maximum (FWHM) and q is the diffraction angle. The mean crystallite size of the asprepared NSNF was calculated to be 0.42 nm. Therefore, the SEM result was further conrmed that the NSNF porous material was essentially formed by numerous small particles.
Growth mechanisms of NSNF
Formation mechanism of nanoower structure is complicated and greatly depends on various parameters such as time, temperature, hydrophobic or hydrophilic interactions, hydrogen bonding, electrostatic and van der Walls forces, crystal-face attraction, dipolar elds, and Ostwald ripening, etc.
26
In order to understand the growth mechanism of NSNF, the solvothermal reactions with different time were investigated, such as 12, 24, 28 and 32 h, respectively. The corresponding SEM images of nickel tin sulfur precursors were shown in Fig. 2 . When the reaction time was 12 h, the prototype of NSNF was already formed with the diameter of about 1 mm (Fig. 2A) . The number of petals was relative small compared with the nal product of NSNF. The SEM image of the product with the reaction time of 24 h was shown in Fig. 2B . The ower-like structure was full-developed with more pores and the size was increased to about 2.2 mm. In addition, we also found that the petals were much smoother than those shown in sulphur content is much higher in nickel tin sulfur precursor than that in NSNF. When the reaction time was extended to 28 h (Fig. 2C ) and even 32 h (Fig. 2D) , it could be found that the pores were blocked by the aky particles and the former monodispersed nano owers were fused gradually, which might be due to the Ostwald ripening. As shown in Fig. 2D , the porous ower-like structure almost disappeared, and the particle size was larger than 5 mm. Thus, the optimal solvothermal reaction time was chosen as 24 h in this work. We also supposed the growth mechanism of NSNF as follows: raw materials rstly developed into aky particles, which could assemble themselves into a ower-like porous structure , which slowed down the nucleation and growth rate of NiS and SnS, making the particle size smaller and facilitating the formation of ower-like morphology. Additionally, the solvent ethylene glycol decomposed at high temperature and released oxygen, increasing the porosity of the materials and oxidizing SnS to SnS 2 or SnO 2 partially. Thus, the relative equations during the formation process of the nickel-tin-sulfur precursor were summarized as follows: The formation process of the nickel tin sulfur precursor was also illustrated in Scheme 1. Aer the as-prepared ower-like nickel tin sulfur precursor was calcinated at 650 C for 2 h, most sulfur was removed, and NiS and SnS were turned into NiO and SnO 2 , respectively:
SnS + 2O 2 / SnO 2 + SO 2 2NiS + 3O 2 / 2NiO + 2SO 2
Electrocatalytic oxidation of glucose at the different modied electrodes
The electrocatalytic activities of the constructed NiO, SnO 2 and NSNF modied electrodes were all characterized. As shown in Fig. 3A , the CVs of NiO/ITO under successive addition of the glucose solution from 0-2.0 mM were recorded. In curve a, there was a pair of redox peaks with the anodic and cathodic peak potentials of 0.520 and 0.425 V, respectively in the absence of glucose, corresponding to the transform of Ni(II)/Ni(III). 28 With the increase of glucose concentration (curve b to g), the oxidation peak current gradually increased and the peak potential positively shied, indicating that NiO had a signicant catalytic effect on glucose. Fig. 3B showed the CVs of SnO 2 /ITO in the absence (curve a) and presence of different concentrations of glucose solution (curve b to g) under the same conditions. However, no obvious redox peaks were seen in curve a and nearly tiny increase in the peak currents from curve b to g, illustrating that SnO 2 could hardly catalyze the oxidation of glucose. We found that compared with NiO and NSNF, the catalytic effect of SnO 2 on glucose was almost negligible. The catalytic current (Di) obtained on NSNF was nearly 3 times larger than that on NiO, and the oxidation peak potential was also negatively shied by 0.03 V, indicating NSNF could enhance the electrocatalytic oxidation of glucose. This might be owing to two reasons: (1) the porous structure of NSNF could greatly accelerate the electron transfer and mass transfer inside the composite; (2) SnO 2 -based skeleton structure promoted the dispersity of NiO nanoparticles, which could enhance the catalytic activity of NiO towards glucose.
Effect of NaOH concentration
An alkaline medium is oen required for enhancing the electrocatalytic activity of transition metals for oxidation of carbohydrate compound. 29 The oxidation of glucose to glucolactone on the electrode surface was electro-catalyzed by the Ni(II)/Ni(III) redox couple, which can be illustrated as the following electrochemical reaction:
In this electrochemical catalytic reaction, Ni(II) was rstly oxidized to Ni(III) with the involvement of OH À , and then Ni(III)
oxidized the glucose to glucolactone with the reduction of Ni(III) to Ni(II) simultaneously.
In the presence of glucose, the oxidation current of Ni(II) was increased. In order to screen for the optimal concentration of Scheme 1 The illustration of the growth process of nickel tin sulfur precursor.
NaOH for the glucose detection, the catalytic performance of NSNF/ITO was investigated in different NaOH concentrations ranging from 0.05 to 0.4 M, under the successive addition of the glucose solution from 0.2 to 15.0 mM. The results were shown in Fig. 4 . It could be seen that in all concentrations of NaOH solution, the Di value increased with the increase of glucose concentration, and the sensitivity in 0.1 M NaOH was the highest. The more concentrated NaOH brought down the sensitivity, due to the redundant OH À might block the electroadsorption of glucose. 30 Thus, 0.1 M of NaOH solution was considered as the optimal supporting electrolyte.
Amperometric analysis
The effective surface area (ESA) of working electrodes plays an important role in the development of chemical sensors because it directly inuences their sensitivity. The ESA can be estimated in several ways. 31, 32 Herein, CVs of NSNF/ITO and Nf modied ITO (blank ITO) were recorded in 5 mM K 3 Fe(CN) 6 solution containing 0.1 M KCl, respectively. As shown in Fig. 5A , the i p values of NSNF/ITO and Nf modied ITO (blank ITO) both increased linearly with the square root of the scan rates (v 1/2 ).
This suggests that the reactions occurring on the electrode are nearly reversible and implies that the mass transfer phenomenon in the double layer region of the electrodes is mainly controlled by diffusion. 33 Thus, the ESA of working electrode can be determined using Randles-Sevcik equation:
where n is the number of electron involving in the redox process, D is the diffusion coefficient of Fe(CN) 6 3À (1 Â 10 We also investigated the effect of scan rate on the catalytic performance of NSNF/ITO. Fig. 5B shows the CVs of NSNF/ITO recorded at different scan rates from 30 to 100 mV s À1 in 0.1 M NaOH solution containing 1.0 mM of glucose. A pair of peaks with the anodic and cathodic peak potentials of 0.500 and 0.375 V, respectively at the scan rate of 50 mV s À1 . Both the anodic and cathodic i p grew linearly with the v 1/2 , indicating a surface-controlled electrochemical process, as shown in the inset. Fig. 5C showed the CV curves recorded of the as-prepared sensor on successive addition of glucose. As the glucose was added into the 0.1 M NaOH solution, the sensor responded rapidly to the substrates. The oxidation peak current of NSNF increased as the concentration of glucose increased from 0.01 to 26 mM; and accordingly, the reduction peak current continuously decreased. Fig. 5D gave the corresponding equation Di (mA) ¼ À0.0243 À 0.9945C glucose (mM) (R ¼ 0.9983, n ¼ 6), with a detection limit of 1 mM estimated at a signal-to-noise ratio of 3. The sensitivity of the sensor is calculated by the geometric surface area of the electrode, which was 0.14 mA mM À1 mm À2 .
The performance of the sensor was compared with those of the previous report, and the result had shown in Table 1 . Notably, the as-prepared sensor exhibited wider linear response range and comparable detection limit towards the glucose oxidation. This might be attributed to the nanostructure of NSNF provided higher surface area and more exposed active sites, which was favorable for the diffusion of the electrolyte from solution to all active catalytic sites. 
Selectivity of the glucose sensor
The potentially interfering species such as H 2 O 2 , AA, CA, UA, maltose, sucrose and fructose usually coexist with glucose in real sample. In order to investigate the selectivity of the glucose sensor, the electrochemical responses of the interfering species were also examined on NSNF/ITO in 0.1 M NaOH solution, as shown in Fig. 6 . It was observed that nearly negligible current response was recorded with the addition of 1 mM of each interfering species, only accounting for 0.5-8.0% of the Di value caused by 1 mM glucose. The result suggested that NSNF/ITO possessed excellent selectivity for the glucose detection.
Reproducibility and stability of the glucose sensor
The stability and reproducibility of the glucose sensor were also investigated, respectively. It shows good catalytic response reproducibility to the continuous injection of 1 mM glucose for 10 times (RSD ¼ 95%). The long-term stability is also a signi-cant parameter for evaluating a non-enzymatic sensor. The asprepared glucose sensor was stored in air at room temperature when not in use, and its amperometric response to 1 mM glucose was measured every 5 days within a 30 day period, showing only 4.5% of current loss over this period. Both the evidence above indicated a satisfying stability and good reproducibility of NSNF/ITO for glucose oxidation.
Analysis of human serum samples
The proposed method was applied to the determination of glucose in human blood serum. The serum samples were obtained from JSCCL. We measured the recovery in healthy human serum samples by adding different concentrations of glucose to 0.1 M NaOH solution containing 10% of human serum. The recovery value of glucose was calculated as 97.6-104.0%, which was presented in Table 2 . The relative standard deviations (RSD) are less than 5% for all human blood serum samples, showing a good application prospect. 
Conclusions
In this paper, we presented a novel enzyme-free electrochemical glucose sensor based on NSNF/ITO, which had a good conductivity, biocompatibility and catalytic activity. In the micro-structure of NSNF, SnO 2 provided the main porous framework components, while NiO showed a good catalytic performance. In addition, the SnO 2 skeleton also improved the monodispersity of NiO nanoparticles and accelerated the electron transfer. The glucose sensor exhibited high sensitivity, low detection limit, long term stability and excellent selectivity in glucose determination. The sensor was further applied to glucose detection in human blood serum samples by standard addition method.
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